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INTRODUCTION
American foulbrood (AFB) caused by Paenibacillus larvae subsp. larvae (formerly Bacillus larvae) (Heyndrickx et al., 1996) is a primary disease of honeybees (Ratnieks et al., 1995) . AFB will almost always kill the larvae after they have spun their cocoons. The cappings over such larvae quickly become moist and darkcoloured, they then sink inwards. When a matchstick is thrust into the larval remains at the sunken capping stage and then removed, it draws out the brown, viscous remains in a ropy thread (Bailey and Ball, 1991) . Laboratory diagnosis of the disease is in most cases based on analysis of these symptoms followed by the isolation and identification of the pathogen. According to the manual of the Office International des Epizooties, this can be done, by a simple milk curding test (Bailey and Ball, 1991) , but this test is not always conclusive. Hornitzky and Wilson (1989) reported on the examination of smears as a fast and easy method for the diagnosis of both AFB and European foulbrood (EFB). Another possibility is the use of biochemical identification kits, such as API 50CHB (Carpana et al., 1995) or BBL Crystal (Dobbelaere et al., 2001 ). Although they also offer a reliable diagnosis, the slow growth rate of the bacteria and the presence of numerous other microbiological organisms in the hive (Gilliam, 1997) and in the honey (Snowdon and Cliver, 1996) hampers such an approach. A faster and more reliable diagnosis is therefore needed.
Nucleic acid amplification of a specific target region of the bacterial genome by the polymerase chain reaction (PCR) is becoming widely used for detection and diagnostic purposes (Whelen and Persing, 1996; Vaneechoutte and VanEldere, 1997) . The ability to amplify DNA specifically by PCR from low numbers of bacteria, as well as its simplicity, rapidity and reproducibility, offer advantages over the conventional cultural and phenotypic methods for identification. In a previous study, Govan et al. (1999) described the use of PCR for rapid identification of P. larvae. It was shown that the used primers, located in the 16S rRNA region, generated an amplicon specific to the tested reference strain of P. larvae larvae. However, as there are no clinical cases of AFB in South-Africa (Govan et al., 1999 ) the method was not tested on more than one strain of P. larvae larvae nor any infected larvae. Furthermore, only 4 related species (i.e. P. alvei, P. polymyxa, B. pumilus and B. subtilis) were tested for possible crossreactions with the given primers.
The aim of this study was to search for more possible primers, in addition to the ones reported before (Govan et al., 1999) , to test for possible cross-reactions with more related species and to develop, based on PCR with these primers, a rapid and reliable diagnosis of AFB, starting directly from remains of diseased larvae.
MATERIALS AND METHODS

Cultures and brood samples
The origin of the 175 strains of P. larvae larvae used in this study is threefold. 5 strains are reference strains from the LMG-collection (Laboratory of Microbiology Ghent, University of Ghent, Belgium) i.e. LMG 9820, LMG 14425, LMG 14426, LMG 15969 and LMG 16245. 146 strains are isolated in a screening of 1328 Belgian honey samples and 24 strains are isolated from diseased brood from different cases of AFB in Belgium from 1995 till now.
The 141 brood samples, used in this study were collected throughout 1998 and 1999 in apiaries from different parts of the country and stored at -20 °C till used. The honey sample used was collected in the screening mentioned above.
Design of the primers
The 16S rRNA sequence of P. larvae larvae (Genbank accession No. X60619) together with 3 partial sequences of the same gene (Genbank accession No. U85263, U86605 and U86606; http://www.ncbi.nlm. nih.gov/Genbank/) were aligned with homologous sequences of 16 related Bacillus and Paenibacillus species, using the Vector NTI program (Informax, Inc.). The list of the used species and sequences is represented in Table I . Based on this alignment we chose a set of primers that were specific for P. larvae larvae.
Isolation of DNA
We isolated DNA from the different strains in 2 different ways. Firstly the Puregene ® , Genomic DNA isolation kit for Gram-positive bacteria (Gentra systems) was used according to the manufacturers instructions. Secondly we simply heated a suspension of bacteria in 50 µl H 2 O for 15 min at 95 °C. After centrifugation for 5 minutes at 5000 rpm, the supernatant was used as DNA template in PCR reactions (Govan et al., 1999) .
PCR
The reaction mixture (50 µl) contained 10 µl Q-solution (Qiagen), 5 µl PCR buffer (providing 1.5 mM MgCl 2 ) (Qiagen), 1.25 U HotStarTaq polymerase (Qiagen), 50 pmol of both forward and reverse primer, 200 µM of each dNTP (Gibco BRL) and 1 µl of template DNA preparation. Amplification was done in a thermocycler (Perkin Elmer GeneAmp PCR system 9600) and consisted of an initial activation of the HotStarTaq polymerase at 95 °C for 15 min, followed by 30 cycles of: denaturation at 93 °C for 1 min; annealing at 55 °C for 30 s; extension at 72 °C for 1 min; ending with a final extension at 72 °C for 5 min. Samples (10 µl) of amplified products were electrophoresed in 0.8% agarose Type II (Sigma) in Tris-borate-EDTA buffer containing ethidium bromide (0.5 µg . ml -1 ) and the amplimers were visualized on a UV transilluminator and Table I . List of the 16S rRNA sequences used for alignment with the 16S rRNA sequence of P. larvae larvae.
Species
Genbank Species Genbank accession No.
accession No.
P. larvae pulvifaciens
photographed using the Kodak Digital science TM Electrophoresis Documentation and Analysis System 120.
Direct sampling of diseased brood
Remains of 2 honeybee larvae were suspended in 1 ml of sterile distilled H 2 O and mixed thoroughly. 100 µl of this suspension was diluted in 900 µl sterile distilled H 2 O. This dilution was vortexed and 100 µl of it was used to extract DNA by the heating and centrifugation method.
RESULTS
After the alignment of the sequences (Tab. I), 2 DNA sequences were found to be specific for P. larvae larvae and were retained for application as primers in a PCR reaction. These primers, and the ones described by Govan et al. (1999) are listed in Table II , together with the theoretical length of the amplicons. With a P. larvae larvae strain all 4 primer combinations generated amplicons with the expected length (Fig. 1) .
14 different species (Tab. III) were tested for cross-reactions. All the tested species were closely related to P. larvae larvae and/ or were described to occur in beehives. Cross-reaction was only found with the P. larvae pulvifaciens strain, resulting in amplicons of the same length as with P. larvae larvae strains for all 4 primer combinations. No other strain generated any amplicon with the 4 tested primer combinations under the specified PCR conditions.
As all primer combinations showed to be equally specific, all further tests were done with only 1 primer combination (i.e. primers 3 and 4). Till now 175 different strains of P. larvae larvae have been tested under these PCR conditions and each of them gave the expected amplicon. These tests were done based on DNA-extraction of a bacterial colony.
W. Dobbelaere et al. 366 Table II. List of the 4 primers used in the study, and the theoretical length of the amplicons obtained with the four different combinations of the primers.
Primer 1 5'CTTGTGTTTCTTTCGGGAGACGCCA3' Primer 2 5' TCTTAGAGTGCCCACCTCTGCG3' Primer 3 (Govan et al., 1999) 5' AAGTCGAGCGGACCTTGTGTTTC3' Primer 4 (Govan et al., 1999) 5' TCTATCTCAAAACCGGTCAGAGG3'
Combination 1-2 Length of amplicon: 1106 bp Combination 1-4
Length of amplicon: 970 bp Combination 3-2 Length of amplicon: 1119 bp Combination 3-4 (Govan et al., 1999) Length of amplicon: 983 bp Figure 1 . Ethidium bromide stained agarose gel demonstrating the PCR products using the 4 different primer combinations and P. larvae larvae DNA. Lane M: Marker; Lane 1: PCR with primers 1 and 2; Lane 2: PCR with primers 1 and 4; Lane 3: PCR with primers 3 and 2; Lane 4: PCR with primers 3 and 4. The applied primers were given in more detail in Table II .
In order to examine the PCR reactions with DNA extracted directly from larval remains, 141 different brood samples were tested. These brood samples were previously tested for AFB with standard isolation and identification methods combined with the examination of the symptoms. Each clinical positive brood sample resulted in an amplicon of the expected length. There was no amplicon with the negative samples nor with the subclinical samples where a few spores were found but no clinical signs were observed. The PCR was also tested on a honey sample with a high amount of P. larvae larvae spores, but no amplicon could be generated from that sample.
DISCUSSION
The examination of smears (Hornitzky and Wilson, 1989 ) offers a fast diagnosis of both AFB and EFB. However, the presence of numerous other spore-forming bacteria may lead to a non-conclusive result. Conclusive identification using the conventional laboratory diagnosis of subculturing to obtain a pure bacterial culture is hampered by the slow growth rate of P. larvae larvae and the presence of numerous other bacteria. Isolation and subsequently biochemical identification using standard kits as the API 50 CHB (Carpana et al., 1995) or BBL Crystal (Dobbelaere et al., 2001) can take up to two weeks. PCR provides an equally reliable but much faster diagnostic method.
Our study shows that the presented PCR is very specific for the species P. larvae. The only cross-reaction that we observed, was at the subspecies level with a P. larvae pulvifaciens strain. This bacterium is associated with powdery scale disease (Katznelson, 1950 ), a very rare disease of the honeybee. It came as no surprise that a PCR based on the 16S rRNA gene would not make a distinction between both subspecies. The ARDRA technique, based on the same gene, showed more than 90% similarity between strains of P. larvae larvae and P. larvae pulvifaciens (Heyndrickx et al., 1996) . It was partly based on these results that the two species were united at the species level (Heyndrickx et al., 1996) . The available sequences of the 16S rRNA gene from P. larvae larvae (Genbank accession No. X60619) and P. larvae pulvifaciens (Genbank accession No. X60636) are 99.44% similar, and do not permit the construction of specific primers for one of the two subspecies alone. As P. larvae pulvifaciens is also regarded to be a bee pathogen, this cross-reaction can hardly be seen as a flaw of the PCR test. The high number of P. larvae larvae strains tested positive with PCR versus the absence of cross-reactions with various other related, non-pathogenic species highlights the diagnostic value of this technique.
In a study on European foulbrood, Govan et al. (1998) demonstrated the possibility to perform a PCR with DNA extracted directly from diseased larvae. We used a similar technique but found it unnecessary to incubate the suspension of the honeybee larvae overnight in a broth medium. No false positive or negative results were observed. One can argue that the failure to detect a few spores in a subclinical brood sample is a false negative, but in fact the brood was apparently healthy and could as such not be labelled AFB positive, as there were no clinical signs of the disease. The failure to detect the presence of a few spores by the PCR technique is probably due to the fact that the method used for DNA isolation is insufficient to isolate DNA directly from spores. The test with the strongly positive honey sample supports this hypothesis. It is most likely that in honey only the spore form of the bacterium will be present, as the vegetative form is unable to survive in honey (Hornitzky, 1998) . Although it is possible to extract DNA from spores for PCR with intensive microwave radiation (Vaid and Bishop, 1998) , we did not apply this technique as the necessary equipment was not available to us. Honeybee larvae killed by P. larvae larvae contain a large amount of spores, but also some vegetative cells of the bacterium, and these allow easy DNA isolation and subsequent PCR detection. Using the primers described for Melissococcus plutonius (Govan et al., 1998) , the same PCR-mix and PCR-cycle as described in this article can be used to diagnose EFB, hence allowing a simultaneous diagnosis of both diseases with the same DNA extraction from diseased larvae. The presented diagnostic method for P. larvae gives a result in only 4 hours. This means a substantial improvement over the traditional methods.
And finally, this PCR technique offers an alternative for the fast identification of P. larvae colonies as demonstrated by Govan et al. (1999) . It can be used to allow identification of the presence of P. larvae spores in honey samples or subclinical brood samples -not detected with the direct sampling technique -after culturing on a growth medium without the need for subculturing to obtain a pure culture.
Résumé -Mise au point d'une méthode de diagnostic rapide et fiable de la loque américaine (Paenibacillus larvae subsp. larvae) à l'aide de la PCR basée sur le gène 16S de l'ARNr. Paenibacillus larvae larvae est une bactérie difficile à croissance lente qui est à l'origine de la loque améri-caine (AFB), maladie essentielle des abeilles. Son isolement et son identification probable peuvent être difficile et prendre du temps. C'est pourquoi nous nous sommes attachés dans cette étude à mettre au point et évaluer une diagnose rapide de l'AFB par la PCR (réaction en chaîne de la polymérase). De nouvelles amorces de PCR ont été mises au point d'après l'alignement de plusieurs séquences du gène 16S de l'ARNr (Tab. I) de diverses bactéries apparentées avec la séquence du même gène de P. l. larvae (n°X60619 de la Genbank, http://www.ncbi. nlm.nih.gov/Genbank/). L'ADN a été isolé au moyen d'un kit d'isolement d'ADN Puregene ou d'une méthode simple comprenant chauffage et centrifugation. Pour échantillonner directement le couvain, une suspension de restes larvaires a été faite dans 1 mL d'H 2 O et diluée 10 fois avant d'extraire l'ADN par la méthode simple. On a trouvé deux nouvelles amorces et, avec les deux amorces précédemment décrites (Govan et al., 1999) , nous disposions de quatre combinaisons d'amorces possibles pour la PCR (Tab. II). Dans les conditions de la PCR décrites, les quatre combinaisons d'amorces ont donné le produit de PCR attendu (Fig. 1) . Des réactions croisées ont été testées chez un grand nombre d'espèces proches ou d'espèces que l'on trouve dans la ruche (Tab. III). La PCR n'a donné des produits d'amplification qu'avec P. l. pulvifaciens. Ils avaient la même longueur que ceux générés avec P. l. larvae. Ce n'est pas surprenant puisque les deux bactéries appartiennent à la même espèce. En outre la technique ARDRA, basée sur le même gène, a montré plus de 90 % de similitude entre les deux espèces (Heyndrickx et al., 1996) et n'a pu séparer clairement les deux bacté-ries. Pour tester la possibilité d'une PCR avec l'ADN extrait directement des larves malades, 141 échantillons de couvain, sur lesquels on avait recherché auparavant l'AFB, ont été testés. Un produit d'amplification de PCR a été généré avec chaque échantillon atteint d'AFB ; aucun n'a été généré avec les échantillons sains. Les échan-tillons qui avaient quelques spores mais ne présentaient pas de signes cliniques n'ont pas donné non plus de produits d'amplification. Ceci est probablement dû au fait que la méthode utilisée pour isoler l'ADN ne peut pas extraire l'ADN des spores. Cette hypothèse est confirmée par le fait qu'aucun produit d'amplification n'a été généré directement à partir d'échantillons de miel contenant P. l. larvae. Il est très vraisemblable que seules les spores, et non les cellules végéta-tives, sont présentes dans le miel en raison du caractère antibactérien de celui-ci. Les restes de larves tuées par l'AFB contiennent elles aussi un grand nombre de spores, mais également quelques cellules végéta-tives de la bactérie et ces dernières permettent l'identification par la PCR. Cette diagnose s'est montrée fiable et rapide et fournit une alternative précieuse aux diagnoses plus classiques basées sur l'isolation et l'identification biochimique de P. larvae. Govan et al. (1999) beschriebenen Sequenzen verglichen (Tab. I). Die DNA wurde mit einem "Puregene DNA Isolations Kit" oder mit der einfachen Methode über Erhitzen und Zentrifugation isoliert. Für die Probensammlung wurden larvale Überreste in 1 mL Wasser aufgeschwemmt und auf 10 mL verdünnt, bevor die DNA durch Erhitzen und Zentrifugation extrahiert wurde. Zwei neue Primer wurden gefunden und zusammen mit den 2 bereits beschriebenen (Govan et al., 1999) 
